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I . I  

I n  d e v e l o p i n g  e q u i p m e n t  for u s e  i n  h i g h  v o l t a g e ,  h i g h  f r e q u e n c y  
c h e m i c a l - e l e c t r i c a l  p r o c e s s i n g ,  w e  h a v e  b u i l t  a number o f  d i f f e r e n t  
t y p e s  o f  "co rona"  power s u p p l i e s .  A t  t h e  s t a r t ,  f rom t h e  s t a n d p o i n t  
o f  t h e  e l e c t r i c a l  e q u i p m e n t ,  l e t  u s  u s e  "co rona"  i n  i t s  broadest s e n s e .  
We w i l l  d e f i n e  a "co rona"  d i s c h a r g e  a s  a n  e l ec t r i c  d i s c h a r g e  p roduced  
by c a p a c i t i v e l y  e x c i t i n g  a g a s e o u s  medium l y i n g  be tween  t w o  s p a c e d  
e lectrodes,  a t  l e a s t  o n e  o f  wh ich  is i n s u l a t e d  from t h e  g a s e o u s  medium 
by a d i e l e c t r i c  b a r r i e r .  A c o r o n a  discharge may  be m a i n t a i n e d  o v e r  
wide r a n g e s  o f  p r e s s u r e  a n d  f r e q u e n c y ,  a l t h o u g h  a t m o s p h e r i c  p r e s s u r e  
and  f r e q u e n c i e s  i n  t h e  a u d i o  r a n g e  s u b s t a n t i a l l y  above  power t r a n s -  
m i s s i o n  v a l u e s  are t y p i c a l l y  employed .  

S i n c e  t h e  power wh ich  c a n  be d i s s i p a t e d  i n  a c o r o n a  r e a c t o r  o r  
c e l l  is a f u n c t i o n  of t h e  s u p p l y  f r e q u e n c y ,  w e  have  s e t t l e d a r b i t r a r i l y  
on  t h e  a u d i o  r a n g e  (3,000 t o  1 0 , 0 0 0  c y c l e s  p e r  s e c o n d )  as  a d e s i r a b l e  
compromise .  I t  is w i t h i n  t h e  l i m i t s  o f  r o t a t i n g  m a c h i n e r y  a n d  s o l i d  
s ta te  componen t s ,  p r e s e n t s  n o  undue  c o r o n a  reactor h e a t  d i s s i p a t i o n  
p r o b l e m s ,  and  p r o v i d e s  a happy compromise  be tween  o p e r a t i n g  v o l t a g e s ,  
r e a c t o r  s i z e ,  a n d  economy of o p e r a t i o n .  

T h e  r a t i n g s  for t h e  b a s i c  e lec t r ica l  componen t s  are d e p e n d e n t  
upon t h e  c h a r a c t e r i s t i c s  o f  t h e  c o r o n a  reactor and  t h e  impedance  l o a d  
w h i c h  i t  r e p r e s e n t s  t o  t h e  power s u p p l y .  Corona  reactor v a l u e s  which  
a f f e c t  these r a t i n g s  a re :  

a .  The c o r o n a  power r e q u i r e d  
b. The e l e c t r o d e  c o r o n a  power d e n s i t y  a n d ,  t h e r e b y ,  t h e  

electrode c o o l i n g  or h e a t  d i s s i p a t i o n  c a p a b i l i t y  
C .  The g a s e o u s  a t m o s p h e r e  p r e s e n t  
d .  The g a s e o u s  g a p  s p a c i n g  
e.  The bar r ie r  material  a n d  d i e l e c t r i c  c o n s t a n t  

From t h e s e  v a l u e s  w e  c a n  d e t e r m i n e :  

a. Peak  v o l t a g e  r e q u i r e d  t o  i n i t i a t e  c o r o n a  
b. B a r r i e r  t h i c k n e s s  r e q u i r e d  t o  w i t h s t a n d  t h e  t o t a l  v o l t a g e  

c .  B a r r i e r ,  g a s e o u s  g a p ,  a n d  t o t a l  reactor c a p a c i t a n c e  
d .  Maximum o p e r a t i n g  v o l t a g e  
e .  C a p a c i t i v e  c h a r g i n g ,  or d i s p l a c e m e n t ,  c u r r e n t  drawn by 

f. Corona  r e s i s t i v e  c u r r e n t  . 
g. R e s u l t a n t  load  c u r r e n t  
h. Power f a c t o r  o f  t h e  c o r o n a  reactor load  

a c r o s s  t h e  b a r r i e r  i n  t h e  e v e n t  o f  a n  arc across t h e  gap 

t h e  reactor  
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The o b j e c t i v e s  w h i c h , w e  a t t e m p t e d  t o  meet i n  t h e  d e s i g n  o f  o u r  

S u i t a b i l i t y  f o r  u s e  w i t h  a wide  v a r i e t y  o f  c o r o n a  r e a c t o r s  

equ ipmen t  were : 

a .  
b .  O p e r a t i o n  o v e r  a wide  r a n g e  o f  breakdown v o l t a g e s  
C .  F l e x i b i l i t y  o v e r  a wide r a n g e  o f  o p e r a t i n g  c o n d i t i o n s  
d .  Maximum e l e c t r i c a l  e f f i c i e n c y  
e .  

Among t h e  t y p e s  o f  equ ipmen t  b u i l t  were t h e  i n d u c t o r - a l t e r n a t o r  

T r o u b l e - f r e e  o p e r a t i o n  a n d  minimum m a i n t e n a n c e  :over  l o n g  
p e r i o d s  o f  , o p e r a t i o n  

w i t h  s t e p - u p  t r a n s f o r m e r  a n d  p a r a l l e l - r e s o n a n t  t u n e d  c i r c u i t ,  t h e  
SCR i n v e r t e r  w i t h  s t e p - u p  t r a n s f o r m e r ,  and  t h e  mobile vacuum t u b e  
h i g h  p o w e r - a m p l i f i e r .  
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M o t o r - A l t e r n a t o r  S e t  

A t y p i c a l  power s u p p l y  b a s e d  on r o t a t i n g  equ ipmen t  c o n s i s t s  of  
t h e  f o l l o w i n g  major componen t s :  a n  i n d u c t o r - a l t e r n a t o r ,  by means of 
which  60 c y c l e  power is c o n v e r t e d  t o  1 0 , 0 0 0  c y c l e s ,  a t  500 v o l t s .  
T h i s  o u t p u t  is f e d  t o  t h e  p r i m a r y  o f  a h i g h  v o l t a g e ,  h i g h  f r e q u e n c y  
t r a n s f o r m e r  r a t e d  f o r  25 o r  50 KV a t  1 0 , 0 0 0  c y c l e s .  The o u t p u t  o f  
t h i s  t r a n s f o r m e r  is f e d ,  i n  t u r n ,  t o  a p a r a l l e l  r e s o n a n t  t u n e d  c i r c u i t ,  
t h e  d i s c h a r g e  r e a c t o r ,  and  t h e  h i g h  v o l t h g e  i n s t r u m e n t a t i o n .  

The KVA r a t i n g  o f  t h e  hl-G S e t  ( i n d u c t o r - a l t e r n a t o r )  is d e t e r m i n e d  
by t h e  p r o d u c t  o f  t h e  c o r o n a  o p e r a t i n g  v o l t a g e  a n d  t h e  r e s u l t a n t  l o a d  
c u r r e n t  (or t h e  c o r o n a  power d i v i d e d  by t h e  power f a c t o r ) .  S i n c e  t h e  
c o r o n a  power g e n e r a t e d  i n  a g a s e o u s  g a p  i n  series w i t h  a d i e l e c t r i c  
is d i r e c t l y  p r o p o r t i o n a l  t o  f r e q u e n c y ,  and  t h e  u p p e r  l i m i t  f o r  f r e q u e n c y  
f o r  c o m m e r c i a l l y  a v a i l a b l e  r o t a t i n g  e q u i p m e n t  is a b o u t  10,000 c y c l e s  
p e r  s e c o n d ,  t h i s  h a s  g e n e r a l l y  been  c o n s i d e r e d  t h e  optimum f r e q u e n c y .  
A l s o ,  t h e  u s e  o f  lower f r e q u e n c i e s  would r e q u i r e  h i g h e r  v o l t a g e s  or  
i n c r e a s e d  c o r o n a  reac tor  c a p a c i t a n c e  f o r  a n y  g i v e n  power l e v e l .  The 
o u t p u t  v o l t a g e  o f  t h e  a l t e r n a t o r  c a n  b e  a n y  v a l u e  c o n s i s t e n t  w i t h  u s u a l  
g e n e r a t o r  p r a c t i c e  and  w i t h  t h e  t r a n s f o r m e r  p r i m a r y  v o l t a g e .  

The KVA r a t i n g  o f  t h e  t r a n s f o r m e r  w i l l  u s u a l l y  be t h e  same as  
t h a t  o f  t h e  i n d u c t o r - a l t e r n a t o r .  I t s  s e c o n d a r y  v o l t a g e  w i l l  be de- 
t e r m i n e d  by t h e  c o r o n a  reactor  r e q u i r e m e n t s  f o r  v o l t a g e  breakdown o f  
t h e  g a s e o u s  gap .  Secondary  or l o a d  c u r r e n t  w i l l  be t h e  v e c t o r  sum 
o f  c h a r g i n g ,  o r  d i s p l a c e m e n t ,  c u r r e n t  and  r e s i s t i v e ,  or c o r o n a ,  c u r r e n t .  
P r i m a r y  v o l t a g e  must  be  c o n s i s t e n t  w i t h  a l t e r n a t o r  o u t p u t  v o l t a g e .  
I f  e x p e r i m e n t a l  f l e x i b i l i t y  is r e q u i r e d ,  t h e  t r a n s f o r m e r  p r i m a r y  s h o u l d  
be  a r r a n g e d  f o r  s e r i e s - p a r a l l e l  c o n n e c t i o n .  

f The c o r o n a  reactor r e p r e s e n t s  a c a p a c i t i v e  l o a d  on t h e  major items 
1 of  t h e  power s u p p l y  e q u i p m e n t ,  u p  t o  t h e  t i m e  o f  c o r o n a  i n i t i a t i o n .  
5 S i n c e  t h i s  g e n e r a l l y  r e s u l t s  i n  a p o o r  power f a c t o r ,  t h e r e  are  two 
, p o s s i b l e  means o f  s o l u t i o n :  

a .  The m o t o r - a l t e r n a t o r  set must be b u i l t  w i t h  s u f f i c i e n t  KVA 
Y 
\ c a p a c i t y  t o  meet t h e  power f a c t o r  a n d  c o r o n a  power r e q u i r e m e n t s .  
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b. The t r a n s f o r m e r  s e c o n d a r y  a n d  t h e  c o r o n a  reac tor  c a n  be tuned  
w i t h  a p a r a l l e l  r e s o n a n t  c i r c u i t  c o n s i s t i n g  o f  a c h o k e  and  
h i g h  v o l t a g e ,  vacuum c a p a c i t o r s .  T h i s  p r o v i d e s  p o w e r - f a c t o r  
c o r r e c t i o n  s o  t h a t  t h e  h i g h  v o l t a g e  t r a n s f o r m e r  s e c o n d a r y  s e e s  
ma in ly  t h e  r e s i s t i v e  l o a d  r e p r e s e n t e d  by t h e  c o r o n a  power.  

‘ 
i 

The p a r a l l e l - r e s o n a n t  c i r c . u i t  mus t  be t u n e d  t o  g i v e  maximum trans- 1 

f o r m e r  o u t p u t  v o l t a g e  f o r  some a r b i t r a r i l y  se lected v a l u e  o f  a l t e r n a t o r  

r e q u i r e d  f o r  t u n i n g  a t  1 0 , 0 0 0  c y c l e s  c a n  be f o u n d  from t h e  e x p r e s s i o n  1 

f i e l d  c u r r e n t .  With a 0.16 h e n r y  c h o k e ,  f o r  e x a m p l e ,  t h e  c a p a c i t a n c e  < 

1 1 
f =  , o r  C = = 1580  p i c o f a r a d s  
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“t; However,  t h i s  v a l u e  is r e d u c e d  by t h e  c a p a c i t a n c e  o f  t h e  d i s c h a r g e  react 
i t s e l f ,  by t h a t  o f  a n y  i n s t r u m e n t a t i o n  v o l t a g e  d i v i d e r s ,  a n d  by s t r a y  
c a p a c i t a n c e s ,  so  t h a t  t h e  a c t u a l  t u n i n g  c a p a c i t a n c e  u s e d  is somewhat 
lower a n d  must be d e t e r m i n e d  e x p e r i m e n t a l l y .  7 

The d e c i s i o n  as  t o  w h e t h e r  t h e  m o t o r - a l t e r n a t o r  s h o u l d  be b u i l t  
w i t h  i n c r e a s e d  KVA c a p a c i t y  or  w h e t h e r  t h e  s e c o n d a r y  c i r c u i t  s h o u l d  be 
t u n e d  depends  on  t h e  e x p e r i m e n t a l  I v e r s a t i l i t y  r e q u i r e d ,  a n d  on  economic 
c o n s i d e r a t i o n s .  I n  g e n e r a l ,  t h e  d o l l a r s  per KVA f o r  h i g h  f r e q u e n c y  
m o t o r - a l t e r n a t o r  se t s  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  f o r  t u n i n g  c i r c u i t  
componen t s .  

r e n t  f o r  t h e  a l t e r n a t o r  f i e l d  w i n d i n g s ,  a n d  h a s  a f e e d b a c k  s y s t e m  d e s i g n e a  
t o  meet v a r y i n g  c o n d i t i o n s  o f  h i g h  v o l t a g e  o u t p u t .  A l t e r n a t o r  o u t p u t  
v o l t a g e  a n d ,  t h u s ,  t r a n s f o r m e r  h i g h  v o l t a g e  are r a i s e d  a n d  l o w e r e d  by 
c h a n g i n g  a l t e r n a t o r  f i e l d  c u r r e n t .  
c i r c u i t  m a i n t a i n s  c o n s t a n t  h i g h  v o l t a g e  o u t p u t .  I n  t h e  e v e n t  o f  a de- 
crease i n  h i g h  v o l t a g e ,  it c a l l s  f o r  a n  i n c r e a s e  i n  a l t e r n a t o r  f i e l d  
c u r r e n t ,  w i t h  a c o r r e s p o n d i n g  o u t p u t  v o l t a g e  i n c r e a s e .  

An a l t e r n a t o r  f i e l d - c o n t r o l  c h a s s i s  s u p p l i e s  a n d  r e g u l a t e s  t h e  c u r -  

A m a g n e t i c  a m p l i f i e r  s t ab i l i ze r  

5 

o n  r o t a t i n g  e q u i p m e n t  i n c l u d e s  a t  l eas t  t h e  f o l l o w i n g :  1 
C o n t r o l  d e v i c e s  a n d  i n s t r u m e n t a t i o n  f o r  a c o r o n a  power s u p p l y  b a s e d  ’ 

a .  

b. 

C .  

d .  

e .  

P r o v i s i o n  f o r  v a r y i  
z e r o  t o  maximum by 
means o f  m e a s u r i n g  

.ng t h e  t r a n s f o r m e r  o u t p u t  h i g h  v o l t a g e  from 
v a r y i n g  a l te rna tor  f i e l d  c u r r e n t ,  a n d  a 
t h e  f i e l d  c u r r e n t .  

P r o v i s i o n  f o r  m e a s u r i n g  t r a n s f o r m e r  p r i m a r y  v o l t a g e ,  c u r r e n t ,  
a n d  power .  

P r o v i s i o n  f o r  m e a s u r i n g  t h e  p e a k  v o l t a g e  a p p l i e d  t o  t h e  c o r o n a  
reactor .  

P r o v i s i o n  f o r  m e a s u r i n g  t h e  power d i s s i p a t e d  i n  t h e  c o r o n a  
reac tor .  

Some form o f  p r o t e c t i v e  c u r r e n t  o v e r l o a d  r e l a y ,  f o r  removing  
h i g h  v o l t a g e  f r o m  t h e  c o r o n a  reactor i n  t h e  e v e n t  o f  a s h o r t  
c i r c u i t  i n  t h e  reac tor ,  o r  a low v o l t a g e , h i g h  c u r r e n t  a r c  
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between t h e  e l e c t r o d e s .  T h i s  w i l l  p r e v e n t  e x c e e d i n g  t h e  c u r r e n t  
1' a t i n g o f t h e  t r a n s f o rme r s e c o n d a  r y . 

S i n c e  t h e  u s e  o f  t h i s  equ ipmen t  i n v o l v e s  w o r k i n g  w i t h  h i g h  v o l t a g e .  
t h e  c o n t r o l  c i r c u i t  i n c l u d e s  p r o v i s i o n  f o r  t e s t  a r e a  s a f e t y  i n t e r l o c k s  
a n d  f l a s h e r - w a r n i n g  l i g h t s .  

I n v e r  t e r 
r 

j .  The s o l i d  s t a t e  c o r o n a  g e n e r a t o r  c o n s i s t s  o f  a 3 .000  c y c l e  i n v e r t e r  
I -  u t i l i z i n g  s i l i c o n  c o n t r o l l e d  r e c t i f i e r s  f e e d i n g  a s t e p - u p  t r a n s f o r m e r .  

A r e c t i f i e r  is a. d e v i c e  o r  c i r c u i t  f o r  c h a n g i n g  a l t e r n a t i n g  c u r r e n t  t o  
' d i r e c t - c u r r e n t .  The i n v e r t e r  may be t h o u g h t  o f  a s  a r e c t i f i e r  o p e r a t i n g  

i l l  r e v e r s e ,  c h a n g i n g  d-c t o  a-c. A c o m b i n a t i o n  of t h e  t w o  a c h i e v e s  a 
q' c h a n g e  from 60 c y c l e  a-c t o  a p p r o x i m a t e l y  3 ,000  c y c l e  a-c. 

R e c t i f i e r  c i r cu i t s  o c c u r  i n  s e v e r a l  c o n f i g u r a t i o n s  s u c h  a s  h a l f -  .-' wave,  f u l l  wave ,  b r i d g e .  e t c .  I n v e r t e r  c i r c u i t s  may be  gr0u .p  e d  i n  a 
/ s i m i l a r  manner .  

4 e l e m e n t  t o  t h e  c a t h a d e  c a n  f i r e  o r  t r i g g e r  t h e  SCR s o  t h a t  i t  c h a n g e s  
8 f r o m  b e i n g  a n  open  c i r c u i t  i n t o  b e i n g  a r e c t i f i e r .  

The  key  f e a t u r e  of a n  SCR ( s i l i c o n  c o n t r o l l e d  r e c t i f i e r )  
as u s e d  i n  a n  i n v e r t e r  c i r c u i t  is t h a t  a s m a l l  c u r r e n t  f rom i ts  "gate" 

The i n v e r t e r  o p e r a t e s  f rom a s i n g l e  p h a s e ,  220  v o l t ,  60 c y c l e  
I s o u r c e ,  a n d  by  means o f  a f u l l - w a v e  b r i d g e  r e c t i f i e r ,  r e c t i f i e s  i t  t o  
' 187 v o l t s  d-c which  i n  t u r n  is c h a n g e d  t o  150 v o l t s ,  3 ,000  c y c l e s ,  
1 a p p r o x i m a t e  s i n e  wave t h r o u g h  SCR ' s .  

i n p u t  p r o v i d e s  a v a r i a b l e  s u p p l y  o u t p u t .  
Variac c o n t r o l  o f  t h e  220  v o l t  

The i n v e r t e r  o u t p u t  is f e d  t o  a s t e p - u p  t r a n s f o r m e r  d e l i v e r i n g  u p  
T h i s  t r a n s f o r m e r  is a d r y  t y p e ,  p o t t e d  w i t h  RTV, 

w i t h  i n t e g r a l  h i g h  v o l t a g e  t e r m i n a l s .  The p a r t i c u l a r  t r a n s f o r m e r  u s e d  
was b u i l t  as a compromise be tween  l o w  c o s t ,  s i z e ,  a n d  e l e c t r i c a l  
c a p a b i l i t y .  Ra ted  a t  3 K V A ,  t h e ' t r a n s f o r m e r  w a s  o n l y  6" x 6" x 7" 

4 t o  1 2 , 0 0 0  v o l t s  r m s .  

1 h i g h  o v e r a l l .  

I What i s  n o t e w o r t h y  w i t h  t h i s  equ ipmen t  is t h a t  t h e  i n v e r t e r ,  
t r a n s f o r m e r ,  a n d  c o r o n a  r eac to r  a re  n o t  i n d e p e n d e n t l y  o p e r a t i n g  com- 

' p o n e n t s .  The c o n c e n t r i c  c y l i n d e r -  c o r o n a  r e a c t o r  was s o  d e s i g n e d  t h a t  
j i ts  capac i t ance ,  r e f l e ' c t e d  t o  t h e  p r i m a r y  o f  t h e  t r a n s f o r m e c  formed 

' v o l t a g e  t r a n s f o r m e r .  The reactor  g a s e o u s  g a p  c o n d u c t a n c e  fo rms  a 
/ p a r t  o f  t h e  i n v e r t e r  l o a d  c i r c u i t .  

1 

) t h e  t r a n s f o r m e r  were d e s i g n e d  t o  c a r r y  t h e  power f a c t o r  loss  c u r r e n t .  

r' 

a p a r t  o f  t h e  i n v e r t e r  LC c i r c u i t ,  a s  d i d  t h e  i n d u c t a n c e  o f  t h e  h i g h  

S i n c e  t h i s  is an  u n t u n e d  h i g h  v o l t a g e  c i r c u i t ,  t h e  i n v e r t e r  and  

Advan tages  o f  . t h e  i n v e r t e r  s u p p l y  o v e r  t h e  m o t o r - a l t e r n a t o r  is t h e  
a b s e n c e  o f  moving p a r t s ,  ease o f  moun t ing  a n d  i n s t a l l a t i o n ,  a n d  t h e  
"module" o r  b u i l d i n g  b l o c k  c o n c e p t  whereby  u n i t s  c a n  be s t a c k e d  t o  i n -  
c r ease  v o l t a g e  and  c u r r e n t  c a p a b i l i t y .  

Y 
\ 
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T h e  mob i l e  c o r o n a  g e n e r a t i n g  equ ipmen t  was d e s i g n e d  f o r  o p e r a t i o n  
mr a wide  r a n g e  o f  f r e q u e n c y  and  v o l t a g e .  Corona  power i s  g e n e r a t e d  
a vacuum t u b e ,  h igh-power  a m p l i f i e r  d r i v e n  by a s t a b l e  low-power,  

a u d i o - f r e q u e n c y  s i n e - w a v e  o s c i l l a t o r .  Power is t a k e n  from t h e  s e c o n d a r y  
w i n d i n g  o f  a h i g h - v o l t a g e  s t e p - u p  t r a n s f o r m e r ,  w i t h  one  e n d  a t  g round  
p o t e n t i a l .  

1 
I $ 

5 
The c o r o n a  o u t p u t  v o l t a g e  may be v a r i e d  f rom zero t o  5 0 , 0 0 O : v o l t s ,  1 

d e p e n d i n g  o n  t h e  impedance  o f  t h e  a p p l i e d  l o a d ,  and  on  t h e  s e t t i n g s  \ 

of t h e  f r e q u e n c y  a n d  a m p l i t u d e  c o n t r o l s  l o c a t e d  on  t h e  master s ine-wave  
o s c i l l a t o r  p a n e l .  The f r e q u e n c y  o f  t h e  o u t p u t  v o l t a g e  is d e t e r m i n e d  
by t h e  m a s t e r  o s c i l l a t o r  a n d  is i n d e p e n d e n t  o f  l o a d  impedance  o r  o u t p u t  ! 
v o l t a g e  l e v e l .  The f r e q u e n c y  may be v a r i e d  i n s t a n t a n e o u s l y  be tween , 
t h e  r a t e d  l i m i t s  o f  3 t o  1 0  k i l o c y c l e s  p e r  s e c o n d .  \ 

7 
The a-c  power f rom t h e  60 c p s  l i n e  is c o n v e r t e d  i n t o  t h e  h i g h  

v o l t a g e  v a r i a b l e  f r e q u e n c y  o u t p u t  as  f o l l o w s :  

A m a s t e r  o sc i l l a to r  f e e d s  a d r i v e r  amplifier.  T h i s  is t u r n  d r i v e s  
a t e t r o d e  power a m p l i f i e r  s t a g e  a n d  t h e  o u t p u t  s t e p - u p  t r a n s f o r m e r .  
A d-c p l a t e  s u p p l y  s o u r c e ,  a s c r e e n  g r i d  v o l t a g e  s u p p l y ,  a c o n t r o l  g r i d  
b i a s  s u p p l y ,  and  a n  a - c  f i l a m e n t  s u p p l y  f e e d  power a t  a p p r o p r i a t e  
v o l t a g e  l e v e l s  t o  t h e  t e t r o d e  a m p l i f i e r  s t a g e .  The power l i n e  c o n t r o l  ) 
c i r c u i t r y  i n c o r p o r a t e s  on -o f f  s w i t c h i n g ,  c i r c u i t  b r e a k e r s ,  and  s t a r t i n g  
c o n t a c t o r s  f o r  t h e  power a m p l i f i e r  s u p p l i e s .  

\ 

I 

P Power a m p l i f i c a t i o n  is p r o d u c e d  by f o u r  t e t r o d e  vacuum t u b e s  con- 
n e c t e d  i n  p u s h p u l l - p a r a l l e l  as  a C l a s s  AB2 a m p l i f i e r .  C o n t r o l  of t h e  * 

master a u d i o  o s c i l l a t o r  s i g n a l  a m p l i t u d e  is p r o v i d e d  by a p o t e n t i o m e t e r  
o n  t h e  master c o n t r o l  p a n e l .  The o u t p u t  v o l t a g e  o f  t h e  e q u i p m e n t  may 
be r e d u c e d  t o  zero e v e n  when f u l l  v o l t a g e  is a p p l i e d  t o  t h e  p l a t e s  of  \ 
t h e  power t e t r o d e s .  

1 

'u; 

\ 

8 

Power d e l i v e r e d  by t h e  t e t r o d e s  t o  t h e  o u t p u t  t r a n s f o r m e r ,  a n d  
t h e n c e  t o  t h e  c o r o n a  r e a c t o r  l o a d ,  is c o n t r o l l e d  by t h e  oscil lator and ) 

t h e  v a r i a b l e  a u t o t r a n s f o r m e r  i n  t h e  t e t r o d e  p l a t e  power s u p p l y .  The 
a u t o t r a n s f o r m e r  c o n t r o l  k e e p s  t h e  t o t a l  power consumed by t h e  equipment  
d u r i n g  a n  e x p e r i m e n t  as l o w  as  p o s s i b l e ,  t o  min imize  h e a t  d e v e l o p e d  
i n  t h e  cabinet and  t o  e x t e n d  t u b e  l i f e .  -. 

The c o r o n a  c e l l  impedance ,  which  is m a i n l y  c a p a c i t i v e  b e f o r e  c o r o n a  ' 
breakdown,  a c q u i r e s  a r e s i s t i v e  component  a f t e r  breakdown w h i c h  depends  ( 
on t h e  r a t e  o f  p r o d u c t i o n  of i o n i z e d  a n d  e l e c t r i c a l l y  c o n d u c t i n g  I 

c h e m i c a l  e n t i t i e s .  'i 
w i l l  l a g  t h e  p l a t e  c u r r e n t  by  a l a r g e  a n g l e  b e f o r e  power is consumed,  1 
and  t h e  p l a t e  c u r r e n t  w i l l  be c o l l e c t e d  a t  a h i g h  r a t h e r  t h a n  a low 
v a l u e  o f  p l a t e  v o l t a g e .  T h u s ,  t h e  power d i s s i p a t e d  by t h e  t e t r o d e s  
w i l l  be h i g h  u n d e r  n o - l o a d  c o n d i t i o n s .  

The a-c v o l t a g e  a t  t h e  p l a t e s  o f  t h e  power t e t r o d e s  

i 
\ 

The h igh  v o l t a g e  t r a n s f o r m e r  h a s  a n  e f f e c t i v e  p r i m a r y  t o  s e c o n d a r y  ' 
i s t e p - u p  r a t i o  o f  11 to  1. The maximum a-c c u r r e n t  t h a t  c a n  be drawn 

f rom t h e  s e c o n d a r y  w i n d i n g  o f  t h e  t r a n s f o r m e r  is 60 m i l l i a m p e r e s  rms. 



\ 
/ 
’\ 

i Reactor 

300 

The c o r o n a  reactor or c e l l  r e p r e s e n t s  a capac i t i ve  l o a d  t o  t h e  power 
s u p p l y  equ ipmen t  u p  t o  t h e  t i m e  o f  i n i t i a t i o n  o f  t h e  e l e c t r i c a l  d i s c h a r g e .  
The t o t a l  reactor c a p a c i t a n c e  c o n s i s t s  o f  t h e  series c o m b i n a t i o n  of d i -  
e l e c t r i c  bar r ie r  and  g a s e o u s  g a p  c a p a c i t a n c e .  The  v o l t a g e s  a p p e a r i n g  
across t h e  b a r r i e r  and  t h e  g a p  d i v i d e  i n v e r s e l y  a s  t h e i r ,  c a p a c i t a n c e .  

B e f o r e  c o r o n a  s ta r t s ,  t h e  reactor c u r r e n t  c o n s i s t s  o f  t h e  c h a r g i n g ,  ’ 
o r  d i s p l a c e m e n t ,  c u r r e n t  which  i s  p r o p o r t i o n a l  t o  t h e  a p p l i e d  v o l t a g e ,  

/ f r e q u e n c y ,  and  c e l l  c a p a c i t a n c e .  A f t e r  t h e  s t a r t  o f  c o r o n a ,  t h e  c e l l  
I a c t s  as a n  impedance l o a d  c o n s i s t i n g  o f  a c o n d u c t a n c e  a c r o s s  t h e  g a s e o u s  

g a p ,  i n  a d d i t i o n  t o  t h e  g a p  c a p a c i t a n c e .  The  t o t a l  c u r r e n t  drawn by 
t h e  reactor  t h e n  is t h e  v e c t o r  sum o f  c h a r g i n g  p l u s  r e s i s t i v e  c u r r e n t s .  

I 

I f  t h e  c o r o n a  reactor power s u p p l y  h a s  a t u n e d  c i r c u i t  i n  t h e  t r a n s -  
former h i g h  v o l t a g e  s e c o n d a r y ,  f o r  power f a c t o r  c o r r e c t i o n ,  t h e  c o r o n a  
reactor  c a p a c i t a n c e  f u n c t i o n s  as p a r t  of t h e  t u n i n g  c a p a c i t a n c e ,  and  

,’ t h e  reactor  c h a r g i n g  c u r r e n t  is  a p a r t  o f  t h e  c i r c u l a t i n g  c u r r e n t  i n  
t h e  p a r a l l e l  r e s o n a n t  c i r c u i t .  The t o t a l  l o a d  c u r r e n t  t h r o u g h  t h e  t r a n s -  
f o r m e r  s e c o n d a r y  w i n d i n g  t h e n  c o n s i s t s  c h i e f l y  o f  c o r o n a  c u r r e n t  p l u s .  
w h a t e v e r  c a p a c i t i v e  c u r r e n t  migh t  be p r e s e n t  as  a r e s u l t  o f  t u n i n g  un- 
b a l a n c e .  

i 

I f  t h e  power s u p p l y  is u n t u n e d ,  t h e  t o t a l  power a v a i l a b l e  f o r  
c h e m i c a l  p r o c e s s i n g  is t h e  p r o d u c t  o f  s u p p l y  v o l t - a m p e r e s  t i m e s  t h e  
power f a c t o r  o f  t h e  l o a d ,  and  i n  t h i s  case t r a n s f o r m e r  s e c o n d a r y  wind- 
i n g  must carry t h e  f u l l  reactor impedance  c u r r e n t .  

The d i e l e c t r i c  b a r r i e r  i n  t h e  c o r o n a  reactor s e r v e s  a s  a b u i l t - i n  
c u r r e n t - l i m i t i n g  d e v i c e ,  o r  b a l l a s t  i n  t h e  e v e n t  of a s h o r t  c i r c u i t  o r  
arc be tween  t h e  c e l l  e l e c t r o d e s ,  s o  t h a t  t h e  s t o r e d  e n e r g y  is d i s s i p a t e d  
i n  t h e  b a r r i e r  a t  breakdown.  

The maximum power d e n s i t y  a t  wh ich  a c o r o n a  reactor c a n  be o p e r a t e d  
w i t h o u t  p u n c t u r i n g  t h e  b a r r i e r  is a f u n c t i o n  o f  t h e  d i e l ec t r i c  s t r e n g t h  
of t h e  b a r r i e r  mater ia l ,  t h e  t o t a l  t h i c k n e s s  o f  t h e  b a r r i e r ,  t h e  ambien t  
t e m p e r a t u r e  i n  w h i c h  i t  is o p e r a t e d ,  and  t h e  g a p  s p a c i n g  be tween  
b a r r i e r s .  The d i e l e c t r i c  c o n s t a n t  o f  t h e  b a r r i e r  a f f e c t s  b o t h  t h e  
v o l t a g e  g r a d i e n t  a c r o s s  t h e  b a r r i e r ,  a n d  t h e  c o r o n a  power wh ich  c a n  be 
d i s s i p a t e d  i n  t h e  reac tor .  The d i s s i p a t i o n  fac tor  is a measure  o f  t h e  
e l ec t r i c  losses which  p r o d u c e  h e a t i n g  o f  t h e  b a r r i e r .  

The v o l t a g e  a t  wh ich  breakdown w i l l  o c c u r  be tween a set o f  e l e c t r o d e s  
i n  a c o r o n a  reactor d e p e n d s  upon t h e  g a s e o u s  a t m o s p h e r e  p r e s e n t ,  t h e  
d e n s i t y  ( p r e s s u r e ,  t e m p e r a t u r e )  o f  t h e  g a s  be tween  t h e  e l e c t r o d e s ,  and  
t h e  g a p  l e n g t h .  

The c o r o n a  power d i s s i p a t e d  i n  a g a s e o u s  g a p  i n  series w i t h  one  
o r  more d i e l e c t r i c  barr iers  c a n  be c a l c u l a t e d  f rom t h e  e x p r e s s i o n  

P = Corona  power i n  w a t t s  
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f = Power s u p p l y  f r e q u e n c y  i n  c y c l e s / s e c o n d  

cb = Dielectric bar r ie r  c a p a c i t a n c e  

Cgas = C a p a c i t a n c e  o f  c o r o n a  c e l l  gas g a p  

C t  = T o t a l  corona c e l l  c a p a c i t a n c e  

Vgas = Peak  v o l t a g e  across t h e  g a s e o u s  g a p  a t  t h e  t i m e  of c o r o n a  

Vmax = T o t a l  o p e r a t i n g  v o l t a g e  a p p l i e d  t o  t he  c o r o n a  c e l l  

I 

i n i t i a t i o n  

T h i s  can  be r e - w r i t t e n  as :  

Lgas 
V t  = - 

. C t  'gas of c o r o n a  i n i t i a t i o n  
= v o l t a g e  a c r o s s  t h e  c o r o n a  c e l l  a t  t h e  i n s t a n t  

An- i t e m  o f  c o n c e r n  to  a l l ,  i n  e v a l u a t i n g  a n  e x p e r i m e n t ,  or i n  
s c a l i n g  u p  for p i l o t  p l a n t  o p e r a t i o n ,  is t h e  electrical  e f f i c i e n c y  of 
a process. Care must  be t a k e n  n o t  t o  c o n f u s e  equ ipmen t  power f a c t o r  

though\ 
w i t h  what  might  be c a l l e d  " e l e c t r i c a l  e f f i c i e n c y  of c o n v e r s i o n " ,  
both may c o n t r i b u t e  to t h e  same e n d  r e s u l t .  Power f a c t o r  relates t o  
a b i l i t y  t o  c o n v e r t  e q u i p m e n t  i n p u t  v o l t - a m p e r e s  ( n o t  n e c e s s a r i l y  i n  
p h a s e )  t o  a v a i l a b l e  c h e m i c a l - r e s u l t - p r o d u c i n g  " w a t t s " .  T h i s  is a 
f u n c t i o n  of e l ec t r i ca l  equ ipmen t  a n d  e lec t r ica l  c i r c u i t  d e s i g n .  i "Electrical  e f f i c i e n c y  of c o n v e r s i o n "  may be c o n s i d e r e d  as t h e  
e f f e c t i v e n e s s  i n  u t i l i z i n g  a l l  o r  most o f  t h e  a v a i l a b l e  w a t t a g e  i n  t h e  
c o r o n a  r e a c t o r .  T h i s  is a f u n c t i o n  o f  reactor d e s i g n ,  w i t h  p a r t i c u l a r  
e m p h a s i s  o n  r e l a t i v e  ba r r i e r  and  g a p  c a p a c i t a n c e  and  g a p  s p a c i n g .  As ( 
a matter of p r a c t i c a l  d e s i g n ,  t h e  c e l l  geomet ry  and  g a p  s p a c i n g  p r e s e n t  ~ 

l i m i t s  t o  t h e  power  w h i c h  c a n  be d i s s i p a t e d  i n  any  g i v e n  ce l l .  t 
Power Measurement 

I 

The power consumed i n  t h e  d i s c h a r g e  c e l l  is d e t e r m i n e d  by means ( 

I of t h e  p a r a l l e l o g r a m - o s c i l l o s c o p e  t e c h n i q u e  which s h o w s  t h e  r e l a t i o n -  
s h i p  between t h e  v o l t a g e  on  t h e  ce l l  e l e c t r o d e s  a t  a n y  i n s t a n t ,  and 
t h e  c h a r g e  f l o w  i n  t h e  c i r c u i t  u p  t o  t h a t  i n s t a n t .  B e f o r e  c o r o n a  
i n i t i a t i o n ,  t h e  c o r o n a  n u l l  v a l u e  is s e e n  o n  t h e  o s c i l l o s c o p e  as  a 
closed f i g u r e ,  o r  s l a n t  l i n e .  With t h e  i n i t i a t i o n  o f  the  electrical  
d i s c h a r g e ,  t h e  f i g u r e  o p e n s  u p  i n t o  a parallelogram, a n d  t h e  d i s c h a r g e  
power is r e p r e s e n t e d  by t h e  a r e a  of t h e  p a r a l l e l o g r a m .  

h 

\ 
The b r i d g e  c i r c u i t  f o r  power measurement  c o n s i s t s  o f  t w o  b r a n c h e s  1 

\ b e t w e e n  t h e  h i g h  v o l t a g e  t e r m i n a l  of t h e  reactor and  g r o u n d ,  called 
"Vol t age"  and "Charge".  The "Vol t age"  b r a n c h  c o n s i s t s  o f  a c a p a c i t a n c e  

i 
\ 
! I 
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v o l t a g e  d i v i d e r  g i v i n g  a n  a p p r o x i m a t e  l o 4  t o  1 v o l t a g e  d i v i s i o n .  
"Charge" b r a n c h  c o n s i s t s  o f  t h e  c o r o n a  reactor  i n  series w i t h  some 
v a l u e  of C a p a c i t a n c e  s u c h  t h a t  a v o l t a g e  d i v i s i o n  o f  l o 4  o r  l o 3  t o  1 
w i l l  be o b t a i n e d  a c r o s s  t h e  d i v i d e r .  The o u t p u t s  from t h e  l o w  v o l t a g e  
e n d s  o f  t h e s e  d i v i d e r s  a r e  f e d  t o  t h e  X a n d  Y a x e s  o f  t h e  o s c i l l o s c o p e .  
A v a r i a b l e  p o t e n t i o m e t e r  a c r o s s  the l o w e r  e n d  o f  t h e  "Charge" d i v i d e r  
p r o v i d e s  p h a s e  s h i f t  c o n t r o l  t o  b r i n g  t h e  "Vol t age"  a n d  "Charge" b r a n c h  
o u t p u t s  i n t o  p h a s e  f o r  a n u l l  r e a d i n g  o n  t h e  s c o p e .  

The 

I 
I t  s h o u l d  be  n o t e d  t h a t  t w o  s i g n a l s ,  o f  e q u a l  a m p l i t u d e ,  i n  p h a s e ,  

f e d  t o  t h e  X and  Y a x e s  of a s c o p e ,  g i v e  a 45-degree  l i n e  o n  t h e  s c o p e .  
Any v a r i a t i o n  o f  r e l a t i v e  a m p l i t u d e  s h i f t s  t h e  a n g l e  o f  t h e  l i n e .  

The a r e a  o f  t h e  p a r a l l e l o g r a m  r e p r e s e n t s  t h e  t o t a l  power d i s s i p a t e d  
i n  t h e  c e l l  when t h e  p a r a l l e l o g r a m  b r i d g e  c i r c u i t  a n d  t h e  o s c i l l o s c o p e  
are  c a l i b r a t e d  i n  t h e  f o l l o w i n g  manner :  1 

The X-axis d e f l e c t i o n  is  c a l i b r a t e d  w i t h  a peak  r e a d i n g  v o l t m e t e r  
/ s o  t h a t  r e a c t o r  v o l t a g e  (peak- to -peak)  is p r e s e n t e d  as  v o l t s  per c m  

o f  s c o p e  d e f l e c t i o n .  

The Y-axis  d e f l e c t i o n  is c a l i b r a t e d  w i t h  t h e  known v a l u e  of / 

c a p a c i t a n c e  i n  t h e  g rounded  end  o f  t h e  "Charge" b r a n c h  so t h a t  t h e  
c h a r g e  f l o w i n g  t h r o u g h  t h e  reactor  is p r e s e n t e d  as cou lombs  p e r  c m  

/' of s c o p e  d e f l e c t  i o n .  

/ 
The X - Y p r o d u c t ,  t h e n ,  is: 

v o l t s  - c o u l o m b s ,  w a t t - s e c o n d s  - 
c m 2  or ) (vo:~s,)(cou:;bs 1 - cm2 

/ . 

2 by t h e  f r e q u e n c y  i n  r e c i p r o c a l  s e c o n d s .  
, d e t e r m i n e d  by p l a n i m e t e r  measurement  o f  a P o l a r o i d  p i c t u r e ,  or by 
'J d i r e c t  measurement .  

S i n c e  t h i s  is t h e  e n e r g y  p e r  c m 2  i n  one  c y c l e ,  t h e  power p e r  c m 2  
of p a r a l l e l o g r a m  a r e a  is o b t a i n e d  by m u l t i p l y i n g  t h e  e n e r g y  p e r  c y c l e  

The p a r a l l e l o g r a m  area c a n  be 

\ With a d u a l  beam o s c i l l o s c o p e  it is a l s o  p o s s i b l e  to  v i e w  t h e  
a"/ v o l t a g e  a n d  c h a r g e  waveforms s i m u l t a n e o u s l y .  

\ 


